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This  dociiinent  presents  methods  of  predicting  propulsor  efficiency  and  weight 
for  preliminary  design  purposes.  Knowing  the  thrust  required,  and  taking  the 
working  area  of  the  propulsor  as  an  independant  variable,  the  propulsive 
efficiency,  and  hence  the  power  required,  can  be  computed.  The  designer  will 
then  selecta  rotational  tip  speed  (which,  in  air,  largely  defines  his  noise 
levels  and,  in  water,  is  subject  to  cavitation  and  structural  strength 
limitations)  and  so  determine  torque.  For  air  propul sors,  the  accuracy  of 
the  performance  method  given  in  this  document  will  degrade  as  the  tip  speed 
approaches  the  speed  of  sound,  but  such  high  tip  speeds  are,  in  any  case, 
precluded  by  the  need  for  reasonable  noise  levels. 
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PROPULSIVE  EFFICIENCY 


The  finer  points  of  propulsor  technology  are  not  particularly  germaine  to 
ANVCE;  and  particularly  those  problem  areas  which  we  may  expect  to  see 
cleared  up  to  some  extent  within  the  next  two  decades.  Accordingly,  it  has 
been  decided  that  all  thrust  and  power  requirement  computations  will  be  based 
upon  one-dimensional,  incompressible,  flow  momentum  theory.  This  assumes 
that  all  propul sors  will  be  variable  pitch.  In  fart,  at  least 
some  may  be  variable  camber  as  well.  This  being  so,  it  is  anticipated  that 
estimates  based  on  momentum  theory  will  be  quite  realistic  throughout  the 
speed  range. 


We  define  a  thrust  coefficient  C.j. 


T 


where 


T  =  thrust 

p  =  mass  density  of  the  working  fluid 

u  =  free  stream  velocity 

A  =  swept  disc  area  for  an  open  propeller  or  the  immersed 

area  for  a  semi -submerged  one 

=  duct  exit  area  for  a  ducted  propulsor,  if  the  nozzle 
area  change  dA/dx  =  0,  or 

=  duct  exit  area  times  the  vena  contracta  coefficient  if 
dA/dx  /  0 

X  =  distance  measured  along  the  propulsor  axis 

The  ideal  efficiency  is,  for  an  open  propeller 


'iP 


^  +  C„ 


and  for  a  ducted  propulsor 


'iD 


3(|»  + 


+  2C„ 


where  the  interference  factor,  is  defined  by 


u 


AV  _  j  ,  Au 
u  ”  u 


(1) 


(2) 


2 


“av  =  1  +  Au  =  average  velocity  at  the  propulsor  inlet 


Values  of  will  generally  be  available  from  wind  tunnel  or  tank  tests. 
Very  roughly,  for  an  air  propeller  mounted  above  a  hull 


(|>  =  A  +  Cj^ 


where  is  the  lift  coefficient  of  the  hull.  (Typically  0.1  <  0.4) 

Current  values  for  the  ratios 


and 


n  _  actual  efficiency  in  open  flow 
”  ideal  efficiency 

ideal  static  power  requirement 
M  =  factor  of  merit  =  actual  static  power  requirement 


are  given  in  Table  1,  together  with  the  values  to  be  employed  in  ANVCE. 
Note  that  M  =  n/q.  for  the  latter.  For  the  reasons  described  in  the 
Appendix  the  powe^  loss  due  to  the  vertical  separation  of  water; et  inlet 
and  nozzle  will  not  be  accounted  for. 


WEIGHTS 


The  following  standard  weights  will  be  used: 


Air  Propeller 

weight  =  3.5  (lb) 

-  when  the  diameter  D  is  in  feet.  This  figure  includes  blades  and  hub. 


Shrouded  Air  Propeller  or  Fan  (including  Shroud) 
weight  =  11.0  (lb) 

-  when  the  diameter  D  of  the  fan  or  propeller  is  in  feet.  The  maximum 
diameter  of  the  duct  will,  in  general,  be  larger  than  D. 

This  weight  figure  includes  fan,  hub,  bearings  and  support  plus  the  external 
duct. 
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Table  1.  Values  of  ■— 


open  fluid  efficiency 
ideal  efficiency 


and  Factor  of  Merit  M. 


Design  Point  -- 

^■5 

Static  (M) 

ANVCE  Study 

Air  Propeller 

X 

0.82 

0.75-0.8 

0.82 

Air  Ducted  Fan 

0.85 

_ * 

0.85 

Subcavitating  Water  Screw 

0.8 

_ * 

0.82 

Supercavitating  Water  Screw 

0.76 

_ * 

0.8 

Surface  Piercing  Propeller 

0.73 

_ * 

0.78 

Water  Jet 

0.85 

0.85 

0.85 

♦not  known  as  of  this  writing 


All  appendage  drags  are  charged  separately. 


weight 


ers;  All  Configurations 
=  30.0  d3  (lb) 

-  when  the  diameter,  D,  is  in  feet. 


Water) ets 

As  normally  presented  there  is  a  very  large  spread  in  the  specific  weight 
of  water  jets;  Ib/bhp  may  vary  by  almost  two  orders  of  magnitude.  The 
scatter  is  greatly  reduced,  however,  if  weight  is  correlated  with  static 
thrust,  as  shown  in  Figure  1.  The  weight  figure  to  be  employed  in  the 
ANVCE  study  is 

0.86 

weight  =  0*4  T^ 

-  where  T  is  the  rated  static  thrust  in  pounds.  This  figure  includes 
the  weight  of  diffuser,  pump,  nozzle  and  entrained  water,  but  not  the 
ducting  or  inlet. 


a 


PUMP  WEIGHT  (WET)  IN  POUNDS 


O  AEROJET 
O  JACUZZI 
A  ROCKETDYNE 


STATIC  THRUST  IN  POUNDS 


Figure  1.  Correlation  of  Water  Jet  Weights. 
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Thus,  for  a  fixed  power,  and  hence  known  Cp,  may  be  obtained  from  the  cubic 


S’ • ^  (t) 


CpC^  - 


c  ^ 


=  0 


(1-4) 


/ 


For  a  ducted  propul sor  such  as  a  waterjet,  it  is  often  convenient  to  think 
in  terms  of  flow  rate  (Q)  and  thrust,  rather  than  area.  Thus  if  A  is  the 
nozzle  area  and  Q  the  static  flow,  the  static  power  required  is  given  by 


^  =  i  .  ^CpQ)  .  /Q 

"  M  \Aj 

Also 


Substituting  this  in  (1-5) 


(1-5) 


As  shown  in  Table  I-l  M  varies  between  0.7  and  0.9.  l^en  the  propulsor  is 
moving  forward  at  a  speed  u 

5sp  =  AH  -  K  Jspu  2  (1-7) 

here  K  is  the  system  loss  coefficient,  referred  to  nozzle  velocity 
is  the  ram  recovery  fraction  of  the  free-stream  dynamic  head 
AH  is  the  pressure  rise  in  the  pump 
=  P/QOp 

P  is  the  power  required  by  the  pump 
Hp  is  the  pump  efficiency 
Solving  equation  (1-7)  for  Q 


\^)  "  1  +  K 


(1-8) 
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But 


A 


Solving  these 
(1  +  K)np 


=  PQ//T^ 

2pQg^  ^AH  +  tip  ^ 

■f^  V  m.  / 

equations  for  u^  =  0  we  find 

1^ 

M 


With  forward  speed 


AH  = 


Squaring 


AH  +  Tip 

rT~K 


AH-  +  t)d  Jspu„2^h2  = 
K  O 


(1-9) 


(I-IO) 


We  can  thus  solve  (I-IO)  for  AH,  and  then  obtain  Q  from  (1-9) 
Then  the  thrust 


and  the  propulsive  efficiency 

u  T  pu 
_  o  _  o^ 

P  ^  AP 


PU^2q 

P 


(I-ll) 


(1-12) 


The  cubic  for  AH  is  conveniently  solved  by  vrriting 


■  \  /  \  / 


P  2 

-  where  AH  =  — ^  ,  the  static  value,  and  q  =  Jgpu 
s  hpQg  ^o  o 


Then 


^  -  <i>^  +  A  -  +  P'5  -  -  A  -  -  ♦  I 


(1-13) 


Then  in  the  same  notation,  from  (1-9) 


AH 

AH. 


S*  = 


F(<>) 


say 


(1-14) 


(1-15) 


As  Figure  1-1  shows,  this  gives  realistic  results.  The  test  data  efficiency 
points  are  slightly  higher  than  the  theory  because  we  have  not  allowed  for 
the  favorable  effect  (in  these  tests)  of  the  boundary  layer  upstream  of  the 
pump  inlet.  It's  also  worth  noting  that,  for  the  relatively  high  values 
used,  ram  recovery  and  pump  efficiency  do  not  have  a  very  powerful  effect  on 
propulsive  efficiency. 


Table  I  -  1.  Some  Waterjets  Currently  in  Production 
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(1)  at  200  RDM  at  30  knots  -  maximum  pump  speed  is  2,270  RPM 

(2)  at  3080  RDM  at  30  knots  -  maximum  pump  speed  is  2,250  RPM 

(3)  at  1640  RDM  at  30  knots  -  maximum  pump  speed  is  1,750  RPM 

(4)  Incremental  power  ratio  per  foot  of  lift  between  inlet  and  nozzle. 
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Figure  I  -  1.  Equation  1-15  as  a  Function  of  Speed  for  a  Particular  Example. 
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The  foregoing  calculations  ignore  the  power  loss  due  to  the  weight  difference 
between  the  inlet  and  nozzle,  which  is 


AP  =  pgQy 


(1-16) 


As  Table  I  -  1  and  Figure  1-2  show,  this  correction  is  very  small  for  modern 
water  jets,  and  not  worth  accounting  for  unless  a  vehicle’s  propulsion 
configuration  is  very  unusual.  In  such  cases,  the  equation  for  propulsive 
efficiency  should  be  multiplied  by  the  factor 


1 

(1  +  AP/P) 


(1-17) 


It  should  also  be  noted  that  in  using  the  rated  static  thrust  T  ,  and  associated 
flow  and  power,  we  are  referring  to  a  pump’s  performance  when  n§t  limited 
by  the  inlet  cavitation,  which  might  actually  occur  in  an  actual  installation. 


